Quaternary ammonium compounds (QACs) have been used widely in medicine, owing to their antimicrobial properties. They also have strong permeability, stable performance, low skin irritation, low toxicity, low corrosion, lasting biological effects and so on, comparing with other antimicrobial agents. At the end of last century, polymerizable quaternary ammonium antimicrobial monomers had been synthesized and applied in dentistry, in order to reduce or prevent microbial biofilm formation on dental materials surfaces. This review aims to discuss the current progress of QACs applied in composite resin, adhesive systems, acrylic resin, glass ionomer cement and endodontic materials, regarding to their antimicrobial potential, mechanical properties, and biocompatibility.
INTRODUCTION
Quaternary ammonium compounds (QACs) are derivatives of ammonium compounds, in which all four of the hydrogen bonded to nitrogen have been replaced with hydrocarbyl groups. The general formulas is R 4NX, four R, hydrocarbyl, which can be the same or different, additionally X is halogen anion in most case and can be also acid radical, such as HSO 4, RCOO, etc. The schema of polymerizable and unpolymerizable QACs were shown in Fig. 1 . QACs have excellent antimicrobial properties, also, they also have strong permeability, stable performance, low skin irritation, low toxicity, low corrosion, lasting biological effects and so on, comparing with other antimicrobial agents. Therefore, they have been widely used in industry and pharmaceutical industry 1, 2) .
In 1994, Imazato had synthesized, for the first time, a quaternary ammonium dental antimicrobial monomer -12-methacryloyloxydodecylpyridinium bromide (MDPB) with potent antimicrobial properties by combinating quaternary ammonium groups with methyl acryloyl groups. The structure was similar to cetylpyridinium chloride (CPC), which was applied in mouthwash and toothpaste as antiseptic additive 3) . Thereafter, studies reported 4) that methacryloyl groups and aliphatic quaternary ammonium groups were combined, then quaternary ammonium antimicrobial monomer containing different alkyl chain lengths was developed. Besides that, the antimicrobial properties of these monomers was evaluated by the authors, and methacryloxylethyl cetyl ammonium chloride (DMAE-CB) with the best antimicrobial activity was screened out, thus suggesting that the antimicrobial properties of QACs were related to the alkyl chain length of quaternary ammonium groups 5) . In addition, several studies demonstrated that MDPB and DMAE-CB were lethal to both planktonic and biofilm forms of varied cariogenic bacteria, and they could kill more than 90% of the bacteria within 60 s at high concentrations 6, 7) .
In recent years, scholars have done a great deal of exploration from the following two aspects in order to improve the performance of quaternary ammonium antimicrobial monomer. Some scholars aimed to develop antimicrobial monomer with double quaternary ammonium groups. For instance, Caillier et al. 8, 9) had attained a novel antimicrobial monomer by combining two quaternary ammonium groups with one polymerizable group, whose antimicrobial activity was better than quaternary ammonium antimicrobial monomer with a single chain. Besides, Huang et al. 10) developed two novel crosslinking antimicrobial monomers. These monomers had two aliphatic C=C in their molecular structures, and it was likely that more antimicrobial monomers could be incorporated into resin matrix when polymerized with resin matrix, and antimicrobial activities of materials incorporating these monomers would be greatly improved. Antonucci 11) and Cheng et al. 12) have successfully synthesized two crosslinking antimicrobial monomers with two polymerizable groups by Menschutkin reaction 13) , and their polymerization performance were also greatly improved.
With the development of quaternary ammonium antimicrobial monomer, more and more antimicrobial materials are emerging constantly. However, it brings a series of adverse effects to the materials, such as color or mechanical properties change etc. In this review, we discuss that QACs was incorporated into dental materials, such as composite resin, adhesive systems, acrylic resin, glass ionomer cement and root canal fillings, highlighting aspects regarding microorganism growth inhibition, cytotoxicity, and physical properties of these modified materials.
COMPOSITE RESIN
Dental caries is the most common and widespread oral disease, having as the main etiologic agent the acidic attack from cariogenic bacteria, such as Streptococcus mutans (S. mutans), Lactobacillus spp., and actinomycete etc. 14, 15) . Currently, the most widely dental material used to treat caries lesions is composite resin, especially because of its excellent esthetics, load-bearing and plastic properties [16] [17] [18] . However, composite restorations do not have antimicrobial property and they could accumulate more biofilm than other restorative materials [19] [20] [21] . It has been shown that there is microleakage on restoration margins, and these gaps can be colonized by oral bacteria, thus resulting in secondary caries, which makes the restoration replacement necessary 22, 23) . In order to prevent or diminish biofilm accumulation over composite and in the restorations margins, and also to improve the durability of prostheses, antimicrobial restorative materials have been developed, especially through the incorporation of quaternary ammonium to composite resins [24] [25] [26] [27] [28] [29] [30] [31] [32] . In 2006, a research developed by Beyth et al. 24) reported that 1 wt% quaternary ammonium polyethyleneimine (QPEI) nanoparticles immobilized into composite or fluid resin had strong antimicrobial activity upon contact without leach-out of the nanoparticles and compromising in mechanical properties. Cheng et al. [25] [26] [27] performed studies incorporating of nanoparticles of amorphous calcium phosphate (NACP), quaternary ammonium dimethacrylate (QADM), and nanoparticles of silver (NAg) into composite resins. The results had shown that modified resins greatly decreased biofilm metabolic activity, colony-forming unit (CFU), and lactic acid with strong and durable antimicrobial properties and remineralization, while matching the load-bearing capability of commercial composites without antimicrobial properties. In similar studies, Huang et al. 28, 29) developed resins containing 10 wt% of polymerizable QACs, 2-methacryloxylethyl dodecyl methyl ammonium bromide (MAE-DB) or 2-methacryloxylethyl hexadecyl methyl ammonium bromide (MAE-HB). And they compared these new compounds with unmodified resins. It has been observed that modified resins disturbed the integrity of S. mutans and depressed expression of the bacterial glucosyl transferases (gtf B and gtf C). Therefore, modified resins had strong and long-lasting antimicrobial effects. Besides that, 2-Dimethyl-2-dodecyl-1-methacryloxyethyl ammonium iodine (DDMAI) was added into a resin system by He et al., and they found that DDMAI could endow resin system with radiopacity and antimicrobial effectiveness without compromising in mechanical properties 30) . Then, a series of antimicrobial quaternary ammonium methacrylate monomers (QAM) with different substituted alkyl chain lengths (from CL10 to CL18) were incorporated into commonly used dental resin as immobilized antimicrobial agents by above authors. It has been demonstrated that dental resin containing CL16 and CL18 had the best inhibitory effectiveness on both young biofilm and mature biofilm without compromise in double bond conversion (DC), flexural strength (FS), and flexural modulus (FM) between dental resin with and without QAM 31) . Similarly, Liang et al. 32) added four novel QADM monomers named IMQ (side alkyl chain length from12 to 18) into dental resin. According to the mechanical properties and the biofilm inhibitory effect, dental resin containing IMQ with CL16 had the best comprehensive properties, while the optimal concentration of IMQ with CL16 in dental resin would be in the range of 5-10 wt%. And then, 2-methacryloyloxyethyl phosphorylcholine (MPC) was incorporated into a dental composite in a study performed by Zhang et al. 33) . Their results suggested that incorporation of MPC into composites at 3% greatly reduced protein adsorption, bacteria attachment, and biofilm CFUs without compromising mechanical properties. We can contribute this to that MPC has been shown to have excellent protein-repellent ability to diminish bacterial adhesion 34, 35) . Regarding the protein repellent mechanism 34, [36] [37] [38] , it was suggested that MPC was highly hydrophilic 39) , and there was an abundance of free water but no bound water in the hydrated MPC polymer. The presence of bound water caused protein adsorption 34, 37, 38) . By contrast, the large amount of free water around the phosphorylcholine group was believed to detach proteins effectively, thereby repelling protein adsorption 34, 38) .
ADHESIVE SYSTEM
Adhesive system is a bridge between the dental tissue and resin restoration, thus, the use of antimicrobial primer and adhesive is a choice of the prevention of secondary caries. Moreover, adhesive containing quaternary ammonium antimicrobial monomer could kill residual bacteria quickly before curing, and play a role of pit and cavity disinfection 40) . It had contact inhibitory effect against the bacteria after curing, and prevented bacteria from invading the deep dentin through bonding interface, thus reducing the prevalence of secondary caries and prolonging the service life of the restoration 41) .
Accordingly, Zhang et al. 42) had studied the effects of QADM and NAg incorporation to an adhesive system, Scotchbond Multi-Purpose (SBMP). It has been shown that adding QADM and NAg in both adhesive and primer had the strongest antimicrobial activity, while reducing metabolic activity, CFU, and lactic acid by an order of magnitude compared with control. And then, dimethylaminododecyl methacrylate (DMADDM), NAg, and NACP were incorporated into above adhesive system together and they found that modified bonding agent yielded potent and long lasting antimicrobial properties, and much stronger bond strength after 6 months of water aging than a commercial control 43) . Meanwhile, 5 wt% DMADDM was incorporated into Clearfil SE Bond by Zhang et al. It had been observed that adhesives containing DMADDM inhibited the growth, lactic acid production, and Exopolysaccharides (EPS) metabolism of S. mutans biofilm at different stages, with no adverse effect on its dentin adhesive bond strength 44, 45) . Besides that, Pupo et al. 46, 47) performed a study incorporating of quaternary ammonium methacrylate polymer (QAMP) at 5% by mass to Clearfil SE Bond as experimental group, Clearfil SE Bond as negative control group, and Clearfil Protect Bond as positive control group. The results showed that experimental group demonstrated the minimum inhibitory /bactericidal concentration (MIC/MBC) values and an inhibition zone against Lactobacillus casei (L. casei) and Actinomyces naeslundii (A. naeslundii) similar to the positive control, and higher MIC/MBC values and smaller inhibition zone than the negative control for S. mutans, L. casei, and A. naeslundii, and that no statistically significant difference in the resin-dentin bond strength (μTBS) was observed between experimental and negative control groups immediately, after 6 months, or 12 months of water storage. However, the positive control showed a significant reduction of μTBS after 12 months of water storage. According to the animal experiments, the experimental group had a lower effect on the exudative phase of the inflammatory process of rats 48) . Similarly, in a study performed by Xiao et al. 49) , DMAE-CB was incorporated into a commercial dental adhesive, Single Bond 2, with different concentrations. It was observed that modified dental adhesive had strong and long-lasting bacteriostatic property without negatively influencing bonding ability. Scanning electron microscopy (SEM) observation discovered that modified adhesive may hamper biofilm accumulation and modified adhesive exerted detrimental effect on bacterial membrane integrity under confocal laser scanning microscopy (CLSM) 50) . Furthermore, the relative level of gtf B and gtf C expression by S. mutans in the biofilm was quantified by real-time reversetranscription polymerase chain-reaction and found that they were suppressed. Therefore, modified adhesive could decrease the cariogenicity of S. mutans 51) . In addition, the cytotoxicity of modified adhesive eluents were tested with 3-(4, 5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide cleavage assay (MTT assay). It had been suggested that DMAE-CB could be incorporated into the dental adhesive stably with better biocompatibility 52) . Besides that, Li et al. 5, 53) and Zhou et al. 54) had incorporated new quaternary ammonium methacrylates (QAMs) with systematically varied alkyl chain lengths into SBMP bonding agent. It was found that QAM with CL16, DMADDM, had the best antimicrobial effect. In a certain range, quaternary amine charge density of bonding agents monotonically increased with increasing DMADDM mass fraction, and it was inversely proportional to bacteria a early-attachment coverage and biofilm CFUs. Moreover, DMADDM did not increase the cytotoxicity of SBMP adhesive system and without compromising the dentin bond strength. And then, they also incorporated DMADDM and NAg into above adhesive system for the first time, and got excellent antimicrobial property without compromising the dentin bond strength 12) . Similarly, Sabatini et al. [55] [56] [57] performed a study that incorporating of benzalkonium chloride (BAC) to an adhesive system which could protect hybrid layer, inhibit endogenous dentin proteolytic activity, reduce the degradation of collagen, and improve the bond strength.
ACRYLIC RESIN
Polymethyl methacrylate (PMMA) is one of the most commonly used restorative materials in oral clinical application. It has been used for years in different fields of dental medicine, including complete denture relining, orthodontic appliances, and maxillofacial plate etc. Further more, it has the advantages of convenient, non-toxic, no stimulation, cheap price and so on 58) . However, owing to the special composition structure and characteristics of water absorption of PMMA materials, they are easy to be adhered by bacterial and fungal colonization, which is difficult to remove, thus causing the occurrence of dental caries, periodontal disease, and denture stomatitis 59, 60) . Therefore, the research and development of antimicrobial PMMA are particularly important.
Accordingly, Pesci-Bardon et al. 61, 62) have performed a study that a quaternary ammonium compound was incorporated into an acrylic denture resin base in different concentrations, and the antimicrobial properties to Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa (P. aeruginosa), and Candida albicans (C. albicans) were tested. It was shown that 2% quaternary ammonium compound polymerized with a denture acrylic resin displayed antimicrobial properties after a 4-week soaking period in artificial saliva. Besides that, Takahashi et al. 63) had studied the effects of poly-2methacryloyloxyethyl phosphorylcholine (PMPC) coated on the surface of acrylic resin and found that modified acrylic resin could prevent microbial retention.
GLASS IONOMER CEMENT
Atraumatic restorative treatment (ART) is a method that can remove demineralized tooth tissues with hand instruments only and restore the prepared cavity and seal the adjacent pits and fissures with glass ionomer cement (GIC). This method has the characteristic of excellent adhesion, pressure resistance and wear resistance [64] [65] [66] . GIC is a mixture of portland cement and modified poly carboxylic acid salt cement and integrates the advantages of both. Moreover, it has the characteristics of chemical bonding, good biocompatibility, chronic release of fluoride, and auxiliary mineralization and so on in the clinical practice 65, [67] [68] [69] [70] . However, it is hard to remove bacteria by ART, and GIC does not possess antimicrobial activity, and the oral flora is complex, thus it is easy to cause secondary caries 71, 72) . Therefore, it is especially important that how to impart antimicrobial activity to GIC.
For these reasons, Dimkov et al. 73) had incorporated BAC into the commercially available ChemFlex GIC in the following concentrations: 1, 2, and 3 wt%, and they carried out an analysis of the release of chloride ion and fluorine ion in order to reflect the antimicrobial effect and fluoride releasing property of the GIC, respectively. Authors had observed that there were differences between the concentrations of chloride released, and there were no differences between the concentrations of fluoride released, by the samples with or without BAC. And then, CPC (1, 2 and 3 wt%) and BAC (1, 2 and 3 wt%) were added to ChemFlex and Fuji IX, respectively. It was observed that when the adding amount of the antimicrobial agents was 1 wt%, the physical characteristics was the best through measurements of their setting times and determination of their compressive strength 74) . In a similar study, Chlorhexidine diacetate (CHX) and cetrimide (CT) were added to Fuji IX at 1 and 2% w/w ratio by Deepalakshmi et al. The results have shown that experimental Fuji IX containing CHX and CT were effective in inhibiting L.casei, and incorporation of 1% CT was optimal to possess the appropriate antibacterial and physical properties by the agar diffusion test and the compressive strength 75) . Besides that, the antibacterial activity, microhardness numbers (VHN), and cumulative fluoride releasing (CFR) patterns of conventional GICs (Fuji IX and Ketac Molar) containing CHX/CT (2.5/2.5%) were evaluated by Tüzüner et al. The results showed that modified GICs had antibacterial effect to S.mutans and L.casei, and there were no significant differences for CFR between modified GICs and no modified GICs, but VHN decreased significantly for modified GICs 76) . In addition, the conclusions of the research of Triolo were consistent with the above results 77) .
ENDODONTIC MATERIALS
Several studies have demonstrated that bacteria is the main factor to cause pulpal infection and periradicular lesion formation [78] [79] [80] [81] . Currently, most of the bacteria in the root canal can be cleaned by the method of mechanical chemistry to reduce the root canal infection, but there is still a small amount of residual bacteria in intercanal anastomoses, lateral branch of root canal, apical ramification, apical furcation and so forth. Furthermore, root canal instruments and flushing fluid are difficult to reach these areas. Therefore, it is impossible to remove the root canal infection completely [82] [83] [84] [85] and residual bacteria becomes a main risk factor for pulpal infection and periradicular lesion 86) . In conclusion, it is very important to use root canal filling materials which have the antibacterial and anti-biofilm characteristics, so as to eliminate the residual bacteria and prevent the infection of the root canal.
In this context, Gjorgievska et al. 87) had studied the effects of BAC and CPC incorporation into the following endodontic sealers at 2% by mass: RoekoSeal, Endomethasone N, N2, Apexit Plus, and AH plus, regarding the antibacterial effect to S. mutans, L. casei, and A. viscosus. It has been shown that antibacterial effect of short term of all the five modified endodontic sealers were improved, and Endomethasone N and N2 showed the most intensive antimicrobial activity among them, and the most susceptible microorganism was A. viscosus. Besides that, Kesler et al. 88) had introduced a low concentrations of insoluble antibacterial nanoparticles (IABN) as an attempt to improve the antibacterial effect of AH plus and GuttaFlow. The new materials, which were standard AH plus and GuttaFlow coated with IABN respectively, have demonstrated a significant and stable effect against Enterococcus faecalis (E. faecalis). Similarly, in studies performed by Barros et al. 89) , QPEI nanoparticles were incorporated into AH Plus and Pulp Canal Sealer EWT (PCS). The antibacterial effect against two E. faecalis strains (ATCC and an endodontic isolate) were assessed, and results had shown that addition of QPEI nanoparticles improved the killing ability of PCS against biofilms of both E. faecalis strains and the effects of AH Plus on the biomass of biofilms from the ATCC strain. Moreover, there were no relevant changes in physicochemical and Table 1 The application of QACs
QACs
Abbreviation polymerizable or unpolymerizable application 12-methacryloyloxydodecylpyridinium bromide MDPB polymerizable endodontic materials 95) quaternary ammonium polyethyleneimine QPEI unpolymerizable composite resin 24) , endodontic materials [89] [90] [91] quaternary ammonium dimethacrylate QADM/IMQ polymerizable composite resin [25] [26] [27] 32) , adhesive system 42) 2-methacryloxylethyl dodecyl methyl ammonium bromide MAE-DB polymerizable composite resin 28, 29) 2-methacryloxylethyl hexadecyl methyl ammonium bromide MAE-HB polymerizable composite resin 28, 29) 2-Dimethyl-2-dodecyl-1-methacryloxyethyl ammonium iodine DDMAI polymerizable composite resin 30) quaternary ammonium methacrylate QAM polymerizable composite resin 31) , adhesive system 5, 53, 54) 2-methacryloyloxyethyl phosphorylcholine MPC polymerizable composite resin 33) dimethylaminododecyl methacrylate DMADDM polymerizable adhesive system [43] [44] [45] quaternary ammonium methacrylate polymer QAMP unpolymerizable adhesive system [46] [47] [48] methacryloxylethyl cetyl ammonium chloride DMAE-CB polymerizable adhesive system [49] [50] [51] [52] benzalkonium chloride BAC unpolymerizable adhesive system [55] [56] [57] , glass ionomer cement 73, 74) , endodontic materials 87) poly-2-methacryloyloxyethyl phosphorylcholine PMPC unpolymerizable acrylic resin 63) cetylpyridinium chloride CPC unpolymerizable glass ionomer cement 74) , endodontic materials 87) cetrimide CT/CTR unpolymerizable glass ionomer cement [75] [76] [77] , endodontic materials 92, 93) quaternary ammonium epoxy silicate QAES unpolymerizable endodontic materials 94) mechanical properties in PCS 90) . Besides, they had tested the biocompatibility of these new materials by comparing the cytotoxicity of QPEI with and without sealers on osteoblastic and osteoclastic cells, and from the results we could get the conclusion that the incorporation of 2% QPEI particles into AH Plus and PCS modulates the proliferation and differentiation of bone cells, depending on the type of sealer and the cell, but without increasing the sealers' cytotoxicity 91) . And then, CHX, CTR, or combination of both were added into AH Plus to confer it with bactericidal and anti-biofilm activity against E. faecalis, and do not alter its physical properties 92, 93) . Similarly, Gong et al. 94) had incorporated quaternary ammonium epoxy silicate (QAES) into epoxy resin-based AH Plus and had found that modified epoxy resin-based AH Plus might be a promising material for controlling endodontic infection at the time of canal filling and preventing subsequent reinfection. In addition, in a study performed by Kitagawa et al. 95) , an experimental, chemically cured primer containing MDPB was prepared to develop a new resin-based root canal filling system. They found that this root canal filling system had the ability to disinfect the root canal effectively and was useful for achieving good sealing through study in vitro, thus indicating its possible benefit for successful endodontic treatments.
CONCLUSIONS
In this review, the antimicrobial effects, mechanical properties, and biocompatibilities of dental materials incorporated QACs were investigated, such as composite resin, adhesive system, acrylic resin, GIC, and endodontic materials (Table 1 ). However, the application of QACs are not limited to these. Several studies had incorporated QACs into bone cements 96) , titanium implants 97) , pulp capping materials 98) , Transbond XT 99) , pit and fissure sealing 100) , cavity disinfectant 101) , resin cement 102), zinc phosphate cement, and zinc polycarboxylate cement 103) . These studies have shown that QACs possess antimicrobial activities against bacteria and fungi including S. mutans, L. acidophilus, C. albicans, E. faecalis ect. which could decrease the occurrence of secondary caries, fungal infection, and fails on endodontic treatment, thus suggesting that application of QACs in dental materials is very promising. QACs have been also proved to be biocompatible with mammalian cells, thus suggesting that their application on dental materials do not represent a threat to human health. Generally speaking, however, with the increase of the amount of antibacterial agent, the mechanical properties and biocompatibility of the material will decrease. QACs belong to a kind of nonrelease antibacterial agent, and the antibacterial effect can be achieved when the dosage is relatively large 32, [44] [45] [46] [47] . While the release antimicrobial agents can achieve better antibacterial effect at a low concentration, however, their extending antibacterial efficiency is low and they may be more toxic toward surrounding environments, the so-called "sudden release effect" [104] [105] [106] [107] . Therefore, we can develop a kind of control-release antibacterial agent with QACs as the carrier, which can achieve the ideal antibacterial effect with a small amount of additives, but has no influence on the mechanical properties and biocompatibility of the materials.
